Energy metabolism-metabolic rate (VO 2 ) and respiratory quotient (RQ)-in mice was continuously monitored throughout 12:12-h light-dark cycles before, during and after time-restricted feeding (RF). Mice fed ad libitum showed robust daily rhythms in both parameters: high during the dark phase and low during the light. The daily profile of energy metabolism in mice under daytime-only feeding was reversed at the beginning of the first fasting night. A few days after it began, RF also reversed the circadian core body temperature rhythm. Moreover, RF for 6 consecutive days shifted the phases of circadian expression patterns of clock genes in liver significantly, by 8-10 h. When mice were fed a high-fat diet (HF) ad libitum, the daily rhythm of RQ dampened day by day and disappeared on the 6 th day of RF, while VO 2 showed a robust daily rhythm. Mice fed HF only in the daytime had reversed VO 2 and RQ rhythms. Similarly, mice fed HF only in the daytime significantly phase-shifted the clock gene expressions in livers, while ad libitum feeding with HF had no significant effects on the expression phases of liver clock genes. These results suggested that VO 2 is a sensitive indicator of entrainment in mice livers. Moreover, physiologically it can be determined without any surgery or constraint. Based on these results, we hypothesize that a change in the daily VO 2 rhythm, independent of the energy source, might drive phase-shifts of circadian oscillators in peripheral tissues, at least in liver.
For the analysis of mRNA levels of clock genes, mice were sacrificed by hemorrhage and their livers were removed after refluxing with saline at 4-h intervals for 24 h on the 7 th day of scheduled feeding. The livers were immediately frozen by liquid nitrogen and kept at -80ºC until use.
Energy metabolism
In vivo indirect open circuit calorimetry was performed in metabolic chambers at a controlled ambient temperature (24 ± 2ºC). A constant air flow (0.6 -7 -FINAL ACCEPTED VERSION R- 00775-2005.R1 liters/min) was drawn through the chamber and monitored by a metabolic analyzer (O 2 /CO 2 Analyzer MM202R; Muromachi Kikai Co., Ltd., Tokyo, Japan).
To calculate the VO 2 , the carbon dioxide production rate (VCO 2 ) and the RQ (ratio of VCO 2 to VO 2 ), gas concentrations were monitored at the inlets and outlets of the sealed chambers. Throughout these experiments, the mice had access to water ad libitum, while food availability was controlled according to the experimental procedures.
The mice in each group were fed a diet appropriate to their feeding conditions. In the case of RF of MF-fed mice as shown in Figure 1 , mice (n=4)
were individually transferred to each chamber so that their metabolic indicators could be monitored before, during and after the RF. Two of the mice were placed in an NT group and the other two were placed in a DT group. Another group of mice (n=5) were transferred to the metabolic chambers and their metabolic indicators were monitored for 24 hours on the 6 th day after the beginning of each feeding schedule. The average values of VO 2 and RQ during ZT16-20 and ZT4-12
were calculated.
Core body temperature (Tb)
To introduce temperature probes, mice were anesthetized by an intraperitoneal injection of Nembutal (20 μg/g body weight; Dainippon Pharmaceutical Co., Ltd., Osaka, Japan). Each probe was introduced into the abdominal cavity, and the muscle wall and the skin were closed by five stitches.
During recovery from this surgery, the mice were individually housed, with food and water available ad libitum. Tb in mice (n=4) was continuously recorded by 10-min bins using a telemetry system (Data Sciences International, Arden Hills, MN), and the mice were divided into two groups, NT (n=2) and DT (n=2).
Locomotor activity
To assess the daily rhythm of locomotor activity, mice were housed individually in exclusive cages equipped with a running wheel. Wheel revolutions were counted in 1-min bins, and wheel-running activity was expressed in double-plotted figures using CompACT AMS ver.3 (Muromachi Kikai Co., Ltd., Tokyo, Japan). After mice (n=12) fed with MF ad libitum exhibited stable onset patterns under 12:12-h light-dark cyclic conditions, two groups-NT (n=6) and DT (n=6)-were subjected to the RF for 6 days. Then, all mice were returned to a diet of MF ad libitum.
RNA isolation and semiquantitation of mRNA levels by reverse transcription-polymerase chain reaction (RT-PCR)
For the analysis of mRNA levels of clock genes, mice (n=3-5) were sacrificed by hemorrhage and their livers removed after refluxing with saline at 4-h intervals for 24 h on 7 th day following each scheduled feeding or a day after ad libitum feeding over 7 days. The livers were immediately frozen by liquid nitrogen
and kept at -80ºC until use.
Total RNA was extracted from the livers using a commercially available kit (RNeasy; Qiagen, Valencia, CA), and the remaining DNA was completely removed by RNase-free DNase treatment. Total RNA (50 ng) was reverse-transcribed with poly-d(T)12-18 as a first-strand primer using RT-PCR beads (Amersham Biosciences, Uppsala, Sweden) according to the manufacturer's instructions. After the addition of the gene-specific primers, target genes were amplified by PCR using a thermal cycler (GeneAmp PCR System 9700; Applied Biosystems, Foster City, CA). The following PCR primers were used: mPer1, Frederick, MD).
Statistical analysis
Data were expressed as means ± s.d. The significance of differences between two groups was determined by the unpaired t-test. The circadian rhythmicity of clock gene expression levels was analyzed using the single-cosinor model (22) to give the peak time (acrophase) in each group (n=3-5). The significance of differences among more than two groups was determined by nonrepeated measures ANOVA with Dunnett's test. Figure 1 shows continuously monitored energy metabolism of mice under 12:12-h light-dark conditions before, during and after RF. Mice fed ad libitum exhibited robust daily rhythms in VO 2 and RQ; that is, the values were high during the dark phase and low during the light phase. During RF, NT mice showed almost the same daily profile in energy metabolism as mice fed MF ad libitum, with a decrease in RQ levels during the light phase due to the lack of a food supply (Fig. 1A) . On the other hand, DT mice exhibited distinct daily rhythms in both VO 2 and RQ, and the phase was almost reversed beginning with the first fasting night (Fig. 1B) . The reversed daily rhythm continued during RF.
Results
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RQ levels during the dark phase in DT mice were decreased, as they were during the light phase in NT mice. In both groups, re-feeding ad libitum after RF restored the daily patterns of energy metabolism, although it took a few days for DT mice to return to a pattern resembling that before RF. Tb rhythm in DT mice, while NT mice showed a rhythm similar to that of mice fed ad libitum. However, compared with energy metabolism, Tb rhythm took a much longer period to achieve a new phase after the onset of DT. During RF, the Tb amplitude of DT mice was greater than that of NT mice (Fig. 2B) . In DT mice, on the first day after the end of the RF, Tb remained low during the dark phase.
Circadian rhythm of Tb
The next day, Tb returned to a temperature profile similar to that before RF. the beginning of the dark phase. In NT mice, RF did not affect the time of daily onset of the active phase in the wheel-running rhythm. In DT mice, RF slightly affected the amount of total locomotor activity in a day, but had little effect on the time of daily onset. The restriction of food availability in DT mice induced a distinct FAA, which appeared 1-2 h before the daily food presentation (Fig. 3B ).
Locomotor activity
The FAA persisted for at least two cycles in DT mice after RF was interrupted. 
Circadian rhythm of clock gene expressions in liver
Effects of HF feeding on energy metabolism
Next we examined the effects of two food components-carbohydrates and fat-on the daily rhythms of energy metabolism in mice to determine whether or not the utilization of energy sources could affect the circadian oscillation of
peripheral clock genes. Figure 5 shows the effects of HF on energy metabolism.
Compared with HC, feeding ad libitum with HF for 6 days profoundly lowered RQ levels and dampened the daily rhythm of RQ, while VO 2 had a robust rhythm even after 6 days of HF feeding. Restriction only in the light phase with HF feeding reversed the daily rhythms of VO 2 and RQ, as HC feeding did, although HF feeding decreased RQ compared with HC feeding for both NT and DT.
Moreover, mice were intentionally fed with a combination of HC and HF. The HC/HF combination did not reverse the day-night variation of VO 2 or RQ in mice fed the HF/HC combination diet, though whole RQ levels in the HC/HF mice decreased due to ingestion of HF during the dark-active period.
Effects of HF feeding on clock gene expressions
Clock gene expression profiles ( with the corresponding diet (Fig. 7) . The circadian profiles of clock gene expressions in mice intentionally fed a combination of HC and HF showed patterns similar to those in the ad libitum and NT groups (Fig. 6) , in which the acrophases did not differ significantly between the HF/HC and HC/HF groups (Fig. 7) . Figure 7 summarizes the acrophases of clock gene expressions, such as those of mPer1, mPer2 and mDbp, in the livers of mice under several feeding conditions.
Discussion
In this study, we continuously monitored energy metabolism in mice for more than 10 consecutive days and examined the effects of feeding schedules on energy metabolism. Both VO 2 and RQ exhibited robust daily rhythms under ad libitum feeding conditions and adapted immediately to the restriction of food presentation periods. As nocturnal rodents consume about 80% of their energy source during the dark phase when they are fed ad libitum, the daily rhythm of energy metabolism was almost parallel with the activity rhythm. Under RF with feeding during the light phase only, the daily profile of energy metabolism increase in glucose utilization raises it (2). Theoretical RQ ranges from 0.7 to 1.0.
The reduction of RQ by HF feeding for several consecutive days resulted in dampened RQ rhythmicity without affecting the levels or rhythmicity of VO 2 .
Fasting also induces a metabolic change from glucose to lipid as the utilized energy source (11). Our results indicate that fasting decreased VO 2 and RQ, whereas feeding with either MF or HC raised VO 2 and RQ, while HF feeding increased only VO 2 . Therefore, VO 2 is a sensitive indicator of the fasting-to-fed cycle of mice, independent of energy source.
In general, Tb and locomotor activity increase and decrease approximately in parallel (24). It is widely believed that Tb equilibrium results from heat production and heat loss (14). Heat production consists of nonshivering thermogenesis, such as locomotor activity and energy metabolism, and shivering thermogenesis. Our results indicated that the reversal of Tb rhythm followed the reversal of energy metabolism by DT, while the daily locomotor rhythm remained unchanged throughout RF. Moreover, the reversed rhythm of Tb as well as energy metabolism persisted for at least two cycles after RF was interrupted in DT mice.
Therefore, it is not likely that these phenomena were masking effects simply due time is restricted.
We observed FAA 1-2 h before food presentation only in DT mice.
Davidson et al. (7) reported evident FAA even when food was presented to mice at ZT16 under 12:12-h LD cycle conditions. In our study, food was presented to NT mice for 15 h from 1 h before the beginning of the dark phase until 2 h after the lights came on, and these mice showed the daily onset of behavioral activity once the lights went off. The absence of FAA in our NT mice may be due to the duration of food access, because when food access exceeds 12 h, the amount of FAA diminishes (31).
We also demonstrated the phase-shifts of clock gene expressions in liver by 8-10 h in response to daytime feeding during ZT2-11, regardless of food components, compared with those in mice fed ad libitum or at night. The acrophases of mPer1 in liver under stable LD cycle conditions with ad libitum or NT feeding were around ZT18, which is well consistent with the previous reports cofactor, which is also regulated by redox states. Immediately before food-restricted rats were given access to food, an increase of the NAD + /NADH ratio was observed in hepatic cytoplasm and mitochondria (8), and oxidative phosphorylation and NADH shuttling activity (1) were both high. These lines of evidence and considerations strongly support the hypothesis that the metabolic state of cells may directly influence molecular oscillators in the liver and other peripheral organs through changes in redox potential.
In conclusion, this work indicates that VO 2 is a sensitive indicator of peripheral oscillators in the liver without any surgery or constraint. Moreover, we hypothesize that the daily rhythm of VO 2 , independent of energy source, might drive the phase-shifting of circadian clock gene expressions in peripheral organs, at least in the liver. and ZT4-12, respectively, on the 6 th day after the onset of each feeding schedule.
The data represent means ± s.d. Statistical differences were analyzed by the unpaired t-test: * p < 0.05, ** p < 0.01, ns: no significant difference. 
